(Fingolimod) is known to have a significant therapeutic effect on experimental autoimmune encephalomyelitis (EAE). Here, we used an EAE mouse model, which had been established by immunizing C57BL/6J mice with a partial peptide of myelin oligodendrocyte glycoprotein (MOG 35-55 ), to examine the relapse of EAE upon discontinuation of treatment with FTY720 alone or in combination with MOG 35-55 . Relapse was confirmed to occur in all animals (n‫)6؍‬ within one week after discontinuation of FTY720, with increase in the number of lymphocytes infiltrating the spinal cord and demyelination. However, in the case of combination therapy with FTY720 and MOG 35-55 , relapse following discontinuation of treatment was completely suppressed. The autoantigenic peptide might serve to suppress the clonal selection of relapse-associated autoantigen-specific T cells.
The novel immunomodulator FTY720 (Fingolimod) is a synthetic structural analogue of myriocin (ISP-I), a metabolite of Isaria cinclarii. 1, 2) It was developed by Tetsuro Fujita, of our group, in collaboration with Taito Co. and Yoshitomi Pharmaceutical Industries, Ltd. in Japan, as a result of structural modification studies of ISP-I, aimed at reducing the toxicity of ISP-I, improving its physicochemical properties and identifying the essential structure for immunosuppressive activity ( Fig. 1) .
3) The efficacy of FTY720 has been well established in preclinical transplantation models (rat heart, liver, skin, small intestine, dog kidney and monkey kidney). 4) Also, FTY720 has been reported to be effective in preventing the development of several immunological disease models, including rheumatoid arthritis, 5) myasthenia gravis, 6) and atopic dermatitis. 7) The mechanism of action of FTY720 differs from that of established immunosuppressants, such as tacrolimus hydrate and cyclosporine. FTY720 is converted in vivo by sphingosine kinase to FTY720 monophosphate (FTY720-P), which is the active form of the drug. FTY720-P acts as a high-affinity agonist for sphingosine 1-phosphate (S1P) receptors. FTY720 blocks S1P signaling by inducing internalization and intracellular partial degradation of the receptors. [8] [9] [10] As a result, FTY720 suppresses immune response by sequestering circulating mature lymphocytes from blood and peripheral tissues to the secondary lymphoid tissues and thymus. 11, 12) Experimental autoimmune encephalomyelitis (EAE) mice have been used as an animal model for human multiple sclerosis (MS). 13) In C57BL/6J mice, EAE is induced by immunization with a peptide consisting of residues 35-55 of myelin oligodendrocyte glycoprotein (MOG 35-55 ), a myelin sheath partial peptide. At an early stage of disease, stimulated helper T cells secrete considerable amounts of interleukin-17 (IL-17) and interferon-g (IFN-g), representative cytokines produced by Th17 and Th1 cells. Consequently, the myelin sheath is damaged, resulting in nerve damage. It has already been demonstrated that FTY720 has a significant therapeutic effect on EAE, [14] [15] [16] and FTY720 also reduced the number of lesions detected on MRI and the progression of clinical disease in patients with MS. 17, 18) Recently, FTY720 has been approved by the Food and Drug Administration (U.S.A.) for treatment of MS. However, there has not yet been any report on the effect of discontinuation of FTY720 treatment in human MS or mouse EAE. Since FTY720 has no suppressive effect on activated lymphocytes, there may be a significant risk of relapse due to release of activated autoantigen-specific T cells from secondary lymphoid tissues to the peripheral tissues after discontinuation of FTY720.
In this study, we found that relapse occurred after discontinuation of FTY720 in EAE mice, whereas relapse did not occur after discontinuation of combination therapy with FTY720 and the autoantigenic peptide MOG .
MATERIALS AND METHODS
Animals and Ethics C57BL/6J mice (8-week-old females) bred under specific pathogen-free conditions were purchased from Charles River Japan Inc. (Yokohama, Japan). The mice were given g-ray-irradiated food (CRF-1, Oriental Bio Co., Kyoto, Japan) and distilled water for injection (Ohtsuka Pharmaceutical Co., Ltd., Tokyo, Japan). This study was performed according to a protocol approved by the institutional animal care committee of Setsunan University. 
13)
Study Protocol I EAE mice were divided into two groups, 1) FTY720 group, given FTY720 in water (0.3 mg/kg, orally, once daily; this dosing regimen of FTY720 is similar to that reported by Kataoka et al. 14) ) from the period of onset (day 14 after the immunization) to the end of treatment (day 49 after the immunization), and 2) placebo group, given the vehicle (water) alone. Clinical symptoms of EAE and body weight were evaluated from the day of immunization to day 58. On days 14, 49 and 58 after the immunization, spinal cord was excised from mice under sodium pentobarbital anesthesia, and was examined histologically and immunohistochemically.
Study Protocol II EAE mice were treated from the time of onset of symptoms (day 14 after the immunization) with cyclosporine in water (25 mg/kg, orally, once daily; this dosing regimen of cyclosporine is similar to that reported by Foster et al. 16) ) alone or in combination with FTY720 in water (0.3 mg/kg, orally, once daily). Clinical symptoms of EAE were evaluated from the day of immunization to day 58.
Study Protocol III EAE mice were treated from the time of onset of symptoms (day 14 after the immunization) with FTY720 in water (0.3 mg/kg, orally, once daily) alone or in combination with MOG 35-55 in phosphate-buffered saline (PBS) (1.0 mg/mouse, i.v., once weekly). Treatment was terminated when the EAE score had improved to 0 or 0.5 (3-5 weeks), and then symptoms were evaluated up to 9 or 70 d after discontinuation of treatment.
Histochemical Staining On days 14, 49 and 58 after the immunization, following initial perfusion with PBS, EAE mice were perfused with 10% buffered formalin solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and the spinal cord was removed. Tissues were processed, embedded in paraffin and cut into 5 mm section. The sections were stained with hematoxylin-eosin (H&E) using Mayer's Hematoxylin Soln. (Wako Pure Chemical Industries, Ltd.) or with luxol fast blue (LFB) using Luxol ® Fast Blue MSBN (Acros Organics, Geel, Belgium), or with goat anti-mouse CD3 monoclonal antibody (mAb) (Santa Cruz Biotechnology, Inc., CA, U.S.A.). The number of CD3 ϩ cells (T cells) was counted under a microscope with an eyepiece squared micrometer at a magnification of ϫ400.
Statistical Analysis The significance of differences in EAE score, body weight and number of infiltrating CD3 ϩ cells (T cells) was evaluated by using the Mann-Whitney Utest.
RESULTS
Ameliorating Effect of FTY720 on Experimental Autoimmune Encephalomyelitis and Relapse after Discontinuation of Treatment EAE mice, which had been established by immunizing C57BL/6J mice with MOG 35-55 , were used to examine whether or not relapse occurs after discontinuation of FTY720 (Fingolimod). EAE mice (nϭ12) were divided into an FTY720 group (nϭ6), given FTY720 in water (0.3 mg/kg, orally, once daily), and a placebo group (nϭ6), given the vehicle (water) alone (Study Protocol I). EAE score and body weight from the day of the immunization to day 58 are shown in Fig. 2 . The EAE-associated symptoms were maintained in the placebo group, whereas they were significantly improved in the FTY720 group. However, relapse occurred about one week after discontinuation of FTY720 in all animals (nϭ6) of the FTY720 group (Fig.  2A) . The decrease in the body weight was correlated to the increase in the EAE score (Fig. 2B) , and no effect of FTY720 on the body weight was observed.
To examine the infiltration of lymphocytes and the extent of demyelination, paraffin-embedded spinal cord, which had been obtained from a separate group under Study Protocol I, was stained with hematoxylin-eosin (H&E) or luxol fast blue (LFB), or anti-mouse CD3 mAb. First, the infiltration of lymphocytes was examined by means of H&E staining. Infiltration was observed at the onset (day 14 after immunization) (Figs. 3D, E) , and was clearly suppressed at the end of treatment (day 49 after immunization) (Figs. 3G, H) . However, at day 58 (relapse), infiltration was observed again (Figs. 3J, K) . Second, demyelination was examined by using LFB staining. Demyelination was observed at the onset (Fig. 3F) , and the myelin sheath was restored at the end of treatment (Fig. 3I) . However, at relapse (day 58), demyelination was observed 934 Vol. 34, No. 6
Fig. 2. Ameliorating Effect of FTY720 on Experimental Autoimmune Encephalomyelitis and Relapse after Discontinuation of FTY720
Experimental autoimmune encephalomyelitis (EAE) mice were divided into two groups, ᮀ: the FTY720 group (nϭ6, FTY720 0.3 mg/kg, orally, once daily), ᭹: the placebo group (nϭ6, vehicle) (Study Protocol I). FTY720 was administered orally to EAE mice every day from day 14 after immunization for 35 d and EAE score (A) and body weight (B) were evaluated. The results are indicated as the mean values. The significance of differences in EAE score between the FTY720 group and the placebo group was examined by using the Mann-Whitney U-test (* denotes pϽ0.05).
again (Fig. 3L) . To identify the cells that had infiltrated the spinal cord, CD3 staining was performed. The infiltration of CD3 ϩ cells (T cells) per unit area in spinal cord is shown in Fig. 4 . At the end of treatment, the number of T cells was significantly decreased to 4.0Ϯ3.2 (S.D., nϭ6) cells/mm 2 from 62.3Ϯ21.1 (S.D., nϭ6) cells/mm 2 (at onset) in the FTY720 group. However, at relapse (day 58), it was significantly increased again to 59.5Ϯ26.7 (S.D., nϭ6).
To examine whether or not the relapse after the discontinuation is FTY720-specific phenomenon, EAE mice were treated with cyclosporine (Study Protocol II). Though the EAE-associated symptoms became chronic, no fulminant course of the symptoms was observed (Fig. 5) . The relapse after the discontinuation of FTY720 was not prevented by combination therapy with FTY720 and cyclosporine (Fig. 5) .
Relapse of Experimental Autoimmune Encephalomyelitis on Discontinuation of Combination Therapy with FTY720 and MOG 35-55 EAE mice were used to examine whether or not relapse occurs following discontinuation of combination therapies with FTY720 and MOG . EAE mice were treated from onset with FTY720 in water (0.3 mg/kg, orally, once daily) alone or in combination with MOG 35-55 in phosphate-buffered saline (1.0 mg/mouse, i.v., once weekly) (Study Protocol III). Both treatments significantly improved the EAE-associated symptoms (Fig. 6) . However, relapse was observed about one week after discontinuation of treatment in all mice of the FTY720 alone group. However, in the FTY720 plus MOG 35-55 group, no relapse was observed in any of the animals (nϭ6) following discontinuation (Fig. 6 ).
DISCUSSION
The novel immunomodulator FTY720 (Fingolimod) has a number of attractive properties. The mechanism of its immunosuppressive effect is different from those of established immunosuppressants, such as tacrolimus hydrate, cyclosporine, azathioprine, and mycophenolate mofetil. FTY720 suppresses immune response by sequestering circulating mature lymphocytes from blood and peripheral tissues to the secondary lymphoid tissues and thymus, rather than destruction of lymphocytes. At therapeutic doses, FTY720 does not affect T cell and B cell responses in vitro or in Spinal cord was excised as described in Fig. 3 , and sections were stained with antimouse CD3. The number of CD3 ϩ cells (T cells) was counted under a microscope with an eyepiece squared micrometer at a magnification of ϫ400. The results are indicated as the meanϮS.D. of six animals and the significance of differences in the number was examined by using the Mann-Whitney U-test ( * denotes pϽ0.05). vivo. 4, 7) Since FTY720 treatment allows preservation of many aspects of immune function, including the total number of lymphocytes, the capacity for lymphocyte activation in lymph nodes and tissues, the capacity for generating antibodies, and innate immune responses, 19, 20) there is only a limited increase in susceptibility to infectious disease, including herpesvirus infection, urinary tract infection, and so on. 21) Furthermore, immune memory function is not impaired. 4) FTY720 ameliorates human multiple sclerosis (MS) and EAE-associated symptoms by sequestering circulating mature lymphocytes from blood and spinal cord to secondary lymphoid tissues and thymus. [14] [15] [16] [17] [18] However, there is no report on the effect of discontinuation of FTY720 treatment in human MS or mouse EAE. Our present results confirm that oral administration of FTY720 significantly improves EAEassociated symptoms. Infiltration of lymphocytes and demyelination in the spinal cord were suppressed by FTY720. However, one week after discontinuation of FTY720, lymphocyte infiltration and demyelination in the spinal cord reoccurred. When EAE was treated with cyclosporine alone, though the EAE-associated symptoms became chronic, no fulminant course of the symptoms was observed. Therefore, the relapse after discontinuation was a FTY720-specific phenomenon. These results suggested that MOG 35-55 -specific T cells might have been released from secondary lymphoid tissues and reactivated in the spinal cord. Since the amount of autoantigen that leaked from the spinal cord into the lymphoid system might have been reduced with the improvement of EAE, we speculate that there would be selective pressure favoring high-affinity pathogenic T cells. Thus, we considered that clonal selection of MOG 35-55 -specific T cells would have occurred in the secondary lymphoid tissues, and might be associated with the relapse. In contrast, it has already been demonstrated that long-term administration of FTY720 alone improved the relapse rate and risk of disability progression in human MS. 21) For this reason, when EAE (and probably MS) is treated with FTY720 alone, administration for a sufficiently long period to completely block leakage of autoantigen(s) from the spinal cord would be necessary to induce complete remission.
In this study, we demonstrated that combination therapy with FTY720 and MOG 35-55 completely suppressed the relapse upon discontinuation of treatment; that is, though helper T cells returned to the peripheral blood (data not shown), no relapse was observed. In contrast, relapse was not prevented by combination therapy with FTY720 plus cyclosporine, that is, by sequestering circulating mature lymphocytes to secondary lymphoid tissues (FTY720) and suppressing T cell function (cyclosporine). Thus, the combination therapy with FTY720 and MOG 35-55 might not only inhibit immune response, but also induce immune tolerance, possibly by suppressing the clonal selection of MOG 35-55 -specific T cells. The remission-induction mechanism(s) of MOG 35-55 might be similar to that of glatiramer acetate (GA). GA is a random polymer of glutamic acid, lysine, alanine, and thyrosine, and the amino acid composition of GA is similar to that of myelin basic protein (MBP). 22) GA is thought to act as an altered peptide ligand and to inhibit activation of MBP-specific T cell clones in vitro. 22, 23) Thus, the next step will be to establish in detail the mechanism(s) through which clonal selection of autoreactive T cells is prevented by combination therapy with FTY720 and autoantigen.
In conclusion, the results of this study suggest that combination therapy with FTY720 and autoantigen may become a breakthrough remission-induction therapy for MS.
